The loss-of-function effect can be rescued using the specific MMPs, altered to be resistant to morpholinos but not by overexpression of the other MMPs. Double and triple morpholino knockdowns further suggest that these MMPs act combinatorily to promote embryonic macrophage migration. Thus, our results imply that these three MMPs have distinct functions, which together are crucial to mediate macrophage migration in the developing embryo. This demonstrates conclusively that MMPs are required for normal macrophage cell migration in the whole organism.
Introduction
The MMPs are a large multigene family of 24 secreted and cell surface enzymes in mammalian genomes that share common functional domains and activation mechanisms. They are important for cell migration, invasion, proliferation and apoptosis and regulate many developmental processes, including branching morphogenesis, angiogenesis, extracellular matrix degradation and wound healing (Page-McCaw et al., 2007; Vu and Werb, 2000) .
MMP substrates include many structural extracellular matrix (ECM) proteins, other proteinases, proteinase inhibitors, clotting factors, growth factors, cell surface receptors and cell-cell adhesion molecules (Somerville et al., 2003; Sternlicht and Werb, 2001) . Recent evidence has implicated MMPs in the regulation of cell survival, angiogenesis, inflam-0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.07.005 mation, signalling and wound healing and often correlates with remodelling of the ECM. As a result of their potent proteolytic activity, abnormal MMP function can also contribute to pathological conditions such as atherosclerosis, tumour metastasis and diseases of the nervous system such as multiple sclerosis, malignant gliomas and Alzheimer's disease (Galis and Khatri, 2002; Page-McCaw et al., 2007; Platt et al., 2003; Yong et al., 2001) .
Many cell based studies suggest roles for MMPs in cell migration (Hotary et al., 2006; Stringa et al., 2000) but a major challenge in understanding the biology of MMPs is the characterisation of their function(s) in the whole organism. To date little is known concerning the distribution and/or role of MMPs in developing embryos. Mouse knockouts of MMPs and their natural inhibitors, the TIMPs, have suggested that certain MMPs are involved in development through degradation of ECM as well as liberation of growth factors associated with ECM components (Holmbeck et al., 1999; Sternlicht and Werb, 2001 ). However, often MMP null mice show minor or subtle phenotypes possibly due to redundancy between family members (Milner and Cawston, 2005) . In some cases a phenotype only becomes apparent when the mice are challenged in various ways. To date many of these challenges have been in disease related models (Milner and Cawston, 2005) . For instance, MMP-7 (matrilysin) has been shown to be necessary for neutrophil influx into sites of inflammation in mice using a well characterised model for lung fibrosis (Li et al., 2002) . Thus far the mouse has been the organism of choice to study the role of MMPs in whole animals in particular in disease models. Studies in other organisms such as chick, zebrafish, Xenopus and Drosophila have however also suggested that MMPs play an important role in tissue morphogenesis during normal development (Cai and Brauer, 2002; Jung et al., 2002; Page-McCaw et al., 2003; Zhang et al., 2003) .
A number of Xenopus MMPs have been described by ourselves and others including MMP-2, -7, -9, -11, -13, -14, -15, -16, -18 and -24 (Carinato et al., 2000; Damjanovski et al., 2001; Harrison et al., 2004; Jung et al., 2002; Stolow et al., 1996; Yang and Kurkinen, 1998) . Many of these are expressed in the developing embryo. However, very little is known about their function. Overexpression experiments in which MMP-11 (ST3), MMP-18 and mouse MT-MMP5 (MMP-24) were ubiquitously expressed during Xenopus development led to lethality during late embryonic development (Damjanovski et al., 2001) . Further overexpression experiments have shown that MMP-2 and MMP-14 act co-operatively during Xenopus development (Hasebe et al., 2007) . To date no experiments have been done looking at a loss-of-function of MMPs during Xenopus development.
As part of our initial experiments identifying MMPs in early Xenopus embryos we found some of them to be expressed in embryonic macrophages (Harrison et al., 2004) . Embryonic macrophages (phagocytic myeloid cells) provide innate immunity in early developing embryos until the adaptive immune system appears which in Xenopus tadpoles is around day 12 (Turpen, 1998) . The innate immune system is of fundamental importance to survival in hostile aquatic environments. The amphibian embryonic macrophage cells bear a remarkable similarity to embryonic and fetal macrophages found in higher vertebrates including man (Shepard and Zon, 2000) . In addition to a role in immunity these cells also have an important role to play in embryogenesis by clearing apoptotic cells, for instance in the region between the developing digits (Hopkinson-Woolley et al., 1994) . In mice and birds fetal macrophages appear in the yolk sac well before any monocytes or granulocytes, suggesting that they arise from a haematopoietic stem cell through a pathway that by passes the monocytic series. So called 'primitive macrophages' mature quickly into 'fetal macrophages' (Takahashi et al., 1996) . From the yolk sac they quickly invade the mesenchyme of the head and other forming organs (Cuadros et al., 1993; Sorokin et al., 1992) . In zebrafish early macrophages with an ability to divide have been described arising from the ventro-lateral mesoderm (Herbomel et al., 1999 (Herbomel et al., , 2001 . In Xenopus, embryonic macrophages arise in the anterior ventral blood island (VBI) where the embryonic haematopoietic cell lineage arises (Harrison et al., 2004; Smith et al., 2002; Tashiro et al., 2006) .
Xenopus is very well suited for in vivo analysis of cell migration (DeSimone et al., 2005) and has been a classic model for studies on cell movements and migration during gastrulation (Keller et al., 2003) . In this paper we show that Xenopus is also a highly amenable model system to study individual cell migration. We focus on functional analysis of the MMPs using a morpholino knockdown approach (Heasman, 2002) . We show that MMPs-7, -9 and -18 are critical for embryonic macrophage migration and that they work together in a nonredundant fashion to do this. This significantly contributes to our understanding of the specific function of these proteins in the whole organism.
Results

Expression of three MMPs is restricted to the migrating embryonic macrophages
Xenopus POX2, a member of the peroxidase family, is a specific marker for myeloid cells (Smith et al., 2002) , that are functional macrophages in the embryo (Lichanska and Hume, 2000; Shepard and Zon, 2000) . These POX2 positive cells colocalise with the leukocyte specific proteins L-Plastin (Smith et al., 2002) and XL-1 (Ohinata et al., 1989) and exhibit the macrophage typical behaviour of phagocytosis (Smith et al., 2002) . Embryonic macrophages are first observed in the VBI at stage 17-18 and at stage 20 begin to migrate over the whole embryo between the epidermis and the mesoderm (Harrison et al., 2004; Smith et al., 2002) , completing their migration by stage 25. This process can easily be detected and scored visually across the whole embryo. We have previously shown that MMP-7 is expressed in macrophages where it co-localises with POX2 (Harrison et al., 2004) . Further analysis of Xenopus MMPs identified MMP-9 (Carinato et al., 2000) and MMP-18 (Dr. J. Henry personal communication, see http://www.life.uiuc.edu/henry/lab_db.php?cid=L080) to be co-expressed with POX2 as well. Expression patterns of these three MMPs are shown at the early phase of macrophage migration (Fig.  1A-C) . The initial radial dispersion pattern away from the VBI and co-localisation of MMP expression with POX2 in single macrophages is shown by double in situ hybridisation.
This also demonstrates that all POX2 cells expressed MMP-7, -9 and -18 ( Fig. 1D-F) . MMP-7, -9 and -18 expression in the VBI started at stage 18 when macrophage migration is about to begin (data not shown). From these results it can be deduced that all POX2 positive macrophages specifically express three MMPs (-7, -9 and -18) and that the MMPs transcripts are first detected just prior to the start of macrophage migration away from the VBI and continue until stage 49 (data not shown). None of the other MMPs cloned so far show localisation to Xenopus macrophages (Tomlinson and Wheeler, unpublished results) .
2.2.
MMP function is crucial for macrophage migration to take place
We hypothesised that this specific spatial and temporal expression is of functional significance with regards to macrophage migration in the embryo. To assay the functional contribution of each of the MMPs in facilitating migration, we have undertaken a morpholino (MO) based loss-of-function approach. MOs to the Xenopus MMPs were obtained and tested by in vitro translation assays ( Supplementary Fig. 1 , Ai-Ci). Increasing concentrations of each MO could inhibit the translation of their specific MMPs.
In order to investigate the efficacy and specificity of the morpholinos we microinjected them into two cells of 4-cell stage embryos. The embryonic macrophages are progeny of dorsal blastomeres of the 4-cell stage embryo and hence these blastomeres were injected in the area of the dorsal marginal zone (DMZ) with the MOs. Ventral blastomere injection in the area of the ventral marginal zone (VMZ) acted as a control (Kumano et al., 1999; Smith et al., 2002; Tashiro et al., 2006) . Microinjection at the 4-cell stage has the added advantage of constraining the morpholino to a defined area of the embryo and lessens problems of dilution associated with the growth of the embryos. VMZ injections demonstrate the non-toxic nature of the morpholinos at the specified concentrations used, as embryos looked completely normal at stage 25 (Figs. 2-4) and at later stages when allowed to develop further (data not shown). Following in situ hybridisation, with POX2, the extent of migration for the macrophage population was scored by photographing the embryos and placing a grid over the photos. All the boxes containing a macrophage were counted and the value obtained shows the percentage of the embryo covered by macrophages. As the macrophages start out in one part of the embryo this percentage value corresponded to the distance the macrophage population had migrated away from the VBI (see Section 4). It should be noted that the percentage of embryonic macrophages scored migrating will never be at zero as those that have differentiated in the VBI but which do not migrate, are also counted when scoring. Values between 10% and 15% correspond to no migration while values of 78-85% count as normal migration. Scrambled sequence morpholino (CMO) injections into both the DMZ and VMZ were used as a control to determine if the microinjection procedure itself or the possibility of non-specific toxic contaminants could have an adverse effect on macrophage migration. None was seen ( Fig. 2B and E).
To determine if the MMPs exert a functionally active contribution to migration, we carried out single loss-of-function assays to each of the MMPs (Fig. 2) . Injecting 30 ng of MMP-7 morpholino gave a slight decrease in migration (Fig. 2F) . This equates to a 13.5% difference between the DMZ mean (68.5%) and the VMZ mean values (82.4%) (Fig. 2J ). This effect on migration increased, in a dose-dependent manner, to an almost complete inhibition at higher concentrations ( Fig. 2F - As a further control to investigate morpholino specificity we investigated MMP-14 which is not expressed by macrophages but has been shown to be expressed in migrating neu- ral crest cells (NCC) (Harrison et al., 2004) . A morpholino to MMP-14 was able to block NCC migration, as determined by analysis on migrating melanophores, which are derived from the pluripotent NCC (Tomlinson and Wheeler, submitted for publication). The MMP-14 morpholino had no effect on macrophage migration when injected into the DMZ (Fig. 2C-E) .
To further investigate whether morpholino mediated lossof-function assays are specific in vivo, we undertook a series of embryo based rescue experiments. These involved introducing the morpholino along with an RNA transcript, which the MO does not bind due to an altered recognition sequence, but which gives a full-length protein as determined by in vitro translation experiments (Supplementary Fig. 1 ). Thirty nanograms of MMP-7 MO injected into the DMZ inhibited normal migration. However, when 30 ng of morpholino was co-injected with 750 pg of RNA containing an altered morpholino binding site the normal level of migration was observed ( Fig.  3A-E) . If higher concentrations of MO are used to obtain a stronger phenotype, the amount of RNA needed to be injected to elicit a rescue becomes toxic to the embryo. Injection of 750 pg of MMP-7m RNA on its own had no effect on macrophage migration (Fig. 3A-E) . 100 ng MMP-9 MO showed a decrease in macrophage migration relative to the non-injected control (Fig. 3F-J) . Co-injection of 750 pg of MMP-9m RNA with 100 ng MMP-9 morpholino restored normal migration (Fig. 3I-J) , whereas the injection of 750 pg of MMP-9m Significant difference from the morpholino injected embryos and the co-injected rescue embryos (asterisks indicate values compared) using a Student's t-test were found for MMP-7 (P < 0.001), MMP-9 (P < 0.001) and MMP-18 (P < 0.05).
on its own had no effect on migration (Fig. 3G-J) . Similarly, coinjection of 750 pg of MMP-18m RNA with 10 ng of MMP-18 morpholino led to a rescue of macrophage migration (Fig.  3K-O) and 750 pg of MMP-18m RNA on its own had no effect on embryo morphology or macrophage migration (Fig. 3L-O) . These rescues were shown to be specific in that mRNA coding for the other MMPs was unable to rescue the phenotype caused by an unrelated morpholino. For instance MMP18m RNA could not rescue the MMP-7 MO (Fig. 3E, J and O) . This demonstrates that simple overexpression of an MMP is not able to compensate for the loss of another. Statistical analysis, on the loss-of-function and rescued embryos showed that the values were significantly different and therefore the rescue was real. In vitro translation of the rescue plasmids MMP-7m, MMP-9m and MMP-18m was not affected by the relevant morpholinos ( Supplementary Fig. 1 , Aii-Cii). None of the experimental embryos showed a developmental delay and all exhibited normal morphology, when compared to non-injected wild type embryos.
2.3.
MMPs act in a combinatorial fashion to promote macrophage migration
The rescue experiments suggested distinct functions for different MMPs. Therefore we decided to investigate a possible synergy between the individual MMPs. Co-injecting 50 ng each of two morpholinos targeting MMP-7 and -9, respectively, showed an enhanced effect on macrophage migration (Fig. 4A ). This effect was greater than the sum of single morpholino injections at 50 ng and indicates that these MMPs act in combination to mediate normal macrophage migration. Loss of MMPs 7 and 9 at 50 ng (Fig. 4A) would be expected if additive to result in the same mean value as MMP-7 single injections i.e. a 55.4% mean extent of migration because 50 ng of MMP-9 morpholino has no significant effect on macrophage migration. However, macrophages migrated much less, only 25.5%. As the effect of 50 ng of MMP-18 morpholino was to effectively block migration it was not possible to see if MMP-18 and -7 or MMP-18 and -9 co-injections showed any synergy. Further to this co-injections of 30 ng each of all three of the MMP morpholinos gave a greatly pronounced effect, completely blocking macrophage migration (Fig. 4B-F) , which was not seen in the VMZ injected embryos (Fig. 4F) . The extent of macrophage migration of embryos injected with 30 ng of MMP-7, -9 and -18 morpholino individually was 68.9%, 80.7% and 45.1%, respectively (Fig. 2) . When 30 ng each of all three morpholino were co-injected the embryonic macrophages covered only 14% of the grid, which meant that the macrophages effectively remained at their site of origin. When the embryos are allowed to develop to later stages we find the macrophages eventually migrate away from the VBI (data not shown). This could be due to dilution of the MO over time or to the possibility that the macrophages move more slowly during their dispersal in MO injected embryos. When MMP-7, -9 and -18 morpholinos were injected at 20 ng each ( Fig. 4D and F) or 10 ng each ( Fig. 4E and F) a dose-dependent effect on macrophage migration was observed (Fig. 4F) . The inhibition of macrophage migration at these values is greater then the additive effect of the three morpholinos at the same amounts. At 10 ng the MMP-18 DMZ macrophage population migrated 63.3% compared to 79% for the macrophage population of the control VMZ embryos, MMPs 7 and 9 on their own had no significant effect at 10 ng (Fig. 2) . However, the embryos injected with 10 ng of MMP-7, -9 and -18 morpholino into the DMZ only migrated over 52% of the embryo on average (Fig. 4F) . This strongly suggests a synergistic and not an additive effect.
When viewed at higher magnification the macrophages in the triple knockdown embryo have a rounded appearance unlike the control embryo where the macrophages show a typical asymmetrical shape of a migrating cell with protuberances ( Fig. 5Ai and Bi). Transverse sections of these embryos show the macrophages to be in the mesenchyme and accumulated between the mesenchyme and ventral epidermis ( Fig. 5Aii and Bii).
Interestingly, in the MMP-7, -9 and -18 MO embryos injected into the DMZ, macrophages were seen migrating into and through the presumptive cardiac field, at the ventral midline of the embryo, through which the bilateral precardiac mesoderm will migrate and fuse to form the heart (Fig. 6) (Mohun et al., 2000) . The movement of these macrophages into the presumptive cardiac field has been observed before (Smith et al., 2002) , although not in such a dramatic fashion.
The fusion of the bilateral precardiac mesoderm plates happens at stage 27 (Mohun et al., 2000) , after the macrophages have migrated through this area (Smith et al., 2002) . Thus the three MMPs are not necessary for the initial movement of the macrophages in an anterior direction through the presumptive heart region.
Discussion
MMPs are necessary for embryonic macrophage migration
Our results clearly demonstrate that although knockdown of individual MMPs has inhibitory effects on macrophage migration (Fig. 2) , when the MMPs are knocked down together a much greater inhibition of migration is clearly observed (Fig.  4) . Furthermore, the rescue experiments show that one MMP cannot substitute for another (Fig. 3) . Thus we propose that each of the MMPs has a distinct function and that they are acting in a combinatorial fashion to promote migration. It may be that the presence of normal levels of two of the MMPs, seen with the single loss-of-function experiments, is sufficient to cause a degree of remodelling of the extracellular matrix to permit some migration as we cannot rule out the possibility of some overlapping functions or redundancy with the MMPs under investigation here. The potential degree of complexity in substrate specificity, as studies from human MMPs have shown (Egeblad and Werb, 2002) has to be considered. MMPs are also known to cleave chemokines. Thus one or more of these MMPs may be activating a chemokine to promote migration while the others may remodel the ECM to enable migration. Additionally MMP-7 has been shown to activate MMP-9 (Sang et al., 1995; Wang et al., 2006) . It is possible that this may be occurring in the embryo and/or MMP-7 may be activating MMP-18. Fig. 7 summarises this simple model for how the MMPs promote embryonic macrophage migration. This could be a combination of different activities. Firstly one protease could be activating another. Secondly they could be acting in parallel to promote the same process (e.g. chemokine shedding), thirdly they could be acting on entirely separate processes (e.g. chemokine shedding and ECM degradation/remodelling). Inhibition of any of these processes decreases migration while inhibition of them all completely blocks migration. Thus the function of all three MMPs is necessary for effective migration or dispersal of the macrophages. We are currently working on the possible mechanisms important in this process.
The restricted and specific expression of MMP-9 and -18 to the macrophage cell lineage is consistent with their known functions later in embryogenesis where they have been associated with wound healing, metamorphosis and regeneration (Carinato et al., 2000; Henry et al., 2002; Tashiro et al., 2006) . Very little is currently known about the substrates of the Xenopus MMPs. MMP-18 is Xenopus specific, but similar to members of the collagenase family of MMPs. Macrophages are known to express MMPs with collagenolytic activity (Finlay et al., 1997) . MMP-18 has been shown to cleave both native type 1 collagen and gelatin in vitro (Damjanovski et al., 2001; Gross and Lapiere, 1962; Stolow et al., 1996) . MMP-9 is similar to other gelatinase B enzymes (Carinato et al., 2000) and could therefore be expected to cleave gelatin in vitro (Sternlicht and Werb, 2001 ). MMP-9 has been shown to cleave collagen type IV, assayed in vivo using an induced thymocyte apoptosis mouse model (Odaka et al., 2005) . MMP-9 is also expressed by adult mammalian macrophages and has a role in plaque disruption, leading to important implications in atherosclerosis (Gough et al., 2006) . Xenopus MMP-7 like human and mouse MMP-7, lacks the haemopexin domain which normally confers substrate specificity to the enzyme (Ii et al., 2006) . The mammalian homologue of MMP-7 (the secreted protease matrilysin-1) is expressed by, amongst other cell types, adult macrophages. Functionally MMP-7 has been shown to be responsible for generating soluble tumour necrosis factor-a, a cytokine known to Fig. 6 -Knockdown of the three MMPs does not block macrophage migration through the presumptive heart field. In triple loss-of-function assays (30 ng MMP-7/9/18) a distinct group of macrophages migrates through the presumptive cardiac field (7/10 embryos). Whereas the remaining macrophages are constrained from their normal radial migration route. (A) 30 ng MMP-7/9/18 into the VMZ. (B) 30 ng MMP-7/9/18 morpholino injections into the DMZ. The arrows mark the location of the migrating heart fields at this stage of development. The embryos are viewed from the ventral side with anterior to the top. All macrophages were visualised by in situ hybridisation with POX2. play a key role in inflammation (Wielockx et al., 2004) . Macrophage specific elastin degradation by MMP-7 has also been determined in vitro (Filippov et al., 2003) . A role has been implicated for both macrophage derived MMP-7 and MMP-9 in cleaving tissue factor pathway inhibitor, a multivalent proteinase inhibitor of TF-induced coagulation, itself having an important role in immunity (Belaaouaj et al., 2000) . From these studies it seems evident that the macrophage expressed MMPs 7 and 9 have the potential to target a number of different proteins resulting in ECM and cytokine modification. As stated above in cancer cells, MMP-7 has been shown to activate proMMP-9 (Sang et al., 1995; Wang et al., 2006) . It remains to be seen if MMP-7 can activate MMP-9 or -18 in the context of the embryo. However, if its sole function was to activate these MMPs then it might be expected that the MO knockdown would have a stronger effect than either MMP-9 or MMP-18 knockdowns. MMP-7 MO does have a stronger effect than MMP-9 MO suggesting that one of its functions may be to activate MMP-9 but it clearly does not have as strong an effect as the MMP-18 knockdown (Fig. 2) . MMP-7 has been shown to be required for leukocyte migration (Li et al., 2002) and for epithelial migration (Dunsmore et al., 1998) . Interestingly it is also involved in innate immunity in adult mice by cleaving an endogenous antibiotic peptide, procryptidin in the intestinal epithelia and thus protecting from bacterial infection (Wilson et al., 1999) . MMP-7 has also been shown to be required for various disease models (Page-McCaw et al., 2007; Swee et al., 2008) . Our results are the first to show MMP-7 to have an early developmental function providing innate immunity to the embryo.
Embryonic macrophages and heart formation
The embryonic macrophages whose migration we are inhibiting with the MMP morpholinos migrate between the embryonic germ layers (Harrison et al., 2004; Smith et al., 2002) . However, the rostral-most myeloid cells in the VBI migrate in an anterior direction along the ventral midline and thus bisect the cardiac mesoderm immediately prior to heart tube formation (Smith et al., 2002) . Our morpholino knockdown of the three MMPs described has no effect on this initial migration (Fig. 6) . The ability of the macrophages to migrate into this area, when the activity of all three MMPs is reduced, suggests either a possible extracellular matrix difference, a sub population of macrophages or a reliance on other, as yet undiscovered, proteases. It will be interesting to determine what factors promote this migration and whether it is important for subsequent heart formation.
3.3.
Xenopus embryos provide a valuable in vivo model to study macrophage migration To date most MMP functional studies have been performed on individual mammalian or human MMPs but not on multiple MMPs in the same organism. This is due to the technical difficulty of constructing multiple genetic knockouts in model systems such as the mouse. The problem of redundancy in mouse systems has also limited the insight that can be gained from knock out studies, in particular with attempts to relate specific MMPs to a disease state and potential substrate (Mudgett et al., 1998) . Experiments in mammalian cell culture assays continue to provide valuable insights into MMP biology (Jadhav et al., 2004) . However, these are performed in a replicated minimal extracellular matrix, which most likely does not reproduce the biological complexity of an in vivo tissue environment. In vitro assays have proven important in assigning likely functions to MMPs (Deryugina and Quigley, 2006) , particularly where spatial and temporal localisation in clinical studies has been used to infer a pathological function. Incidences where an MMP is able to cleave a substrate in vitro and not in vivo, or where the in vivo situation has proved more complicated, have been described (Liu et al., 2000) . As MMPs exert their effect on the extracellular matrix (McCawley and Matrisian, 2001) , the degree of matrix complexity is central to their function. We have described here a simple in vivo system to look at the interactions of MMPs with the ECM and other potential substrates
In our experiments the loss of MMP activity effectively prevents macrophage migration. When migrating, the cells have a spread out polarised shape with extended filopodia. In the triple knockdown embryos the macrophages appear rounded with no extended filopodia and do not migrate (Fig. 6 ). This supports work showing that inhibition of MT-MMPs (such as MMP-14) prevents carcinoma migration (Hotary et al., 2006) . We do not see a switch to another (amoeboid-like) migratory state as seen elsewhere (Wolf et al., 2003) . In the Xenopus embryo the macrophages migrate between the epidermis and the mesenchyme as shown by their localisation (Harrison et al., 2004) . The macrophages may not be crossing basement membranes but more likely migrate over them. It remains to be seen whether upon stimulation either by a wound or infection they switch to MT-MMP-dependent migration in order to pass through local basement membranes. Recently it was shown that ablation of all integrin heterodimers from murine leukocytes did not affect the migration of these cells in a three-dimensional environment (Lammermann et al., 2008) . Migration was proposed to be mediated solely by actin-network expansion with myosin II-dependent contraction only required on passage through narrow gaps. In our system, knockdown of the MMPs drastically affects macrophage migration. It is possible that the MMPs are necessary to facilitate the movement of the cells by localised degradation and thus making it easier for the cell to move through the ECM.
In conclusion, given the insights into MMP function shown here, Xenopus embryos have great potential to provide an in vivo model for studying macrophage biology, wound healing and the processes of cellular migration in more general terms. Our results have important implications to the study of macrophages and MMPs in their various pathological roles (Hautamaki et al., 1997; Malemud, 2006) . Determining the mechanism by which these MMPs promote migration of the macrophages is currently under investigation.
Experimental procedures
Xenopus laevis (Daudin) embryos were cultured as previously described (Tomlinson et al., 2005) . Embryos were staged according to Nieuwkoop and Faber (1994) . Single whole-mount in situ hybridisation (WISH) assays were carried out as previ-ously described (Harland, 1991; Harrison et al., 2004) . Double WISH was performed and embryos photographed according to (Harrison et al., 2004) . All experiments were performed in compliance with the relevant laws and institutional guidelines at UEA. The research has been approved by the local ethical review committee according to UK Home Office regulations.
4.1.
Morpholino mediated loss-of-function studies Morpholinos were subjected to in vitro translation assay before use (TNT coupled reticulocyte system, Promega). The in vitro translation experiments, to look for efficacy and specificity of the individual morpholinos, demonstrate a dosedependent and specific inhibition of protein translation for MMP-7, -9 and -18 ( Supplementary Fig. 1 ). A series of rescue experiments were also performed on mutated plasmids, generated by using site directed mutagenesis according to (AbuElmagd et al., 2006; Li and Wilkinson, 1997) . Two base pair mismatches were introduced to the ORF sequence, at the binding site for each morpholino these were then analysed, using DNAStar, to assay if the change in DNA sequence would result in an amino acid sequence change. The plasmids were DNA sequence verified and named MMP-7m, MMP-9m and MMP-18m, respectively. To generate the mutated plasmids the primer and PCR conditions were as follows: MMP-7m F ( . Annealing temperature 55°C, 18 cycles. The PCR products were then transformed into DH5 a Escherichia coli (Inoue et al., 1990) . MMP morpholino sequences were also aligned against each other to look for areas of sequence similarity, using NCBI Bl2seq (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi).
Scoring method for the extent of migration for the embryonic macrophage population
To score the migrating macrophage population we assayed ten stage 26 embryos from each of the morpholino injections (DMZ or VMZ) and non-injected controls, The embryos were selected after POX2 in situ hybridisation, based on correct stage and normal morphology according to Nieuwkoop and Faber (1994) . Before analysis both sides of the embryo were checked for a consistent extent of macrophage migration, so as to avoid bias. The embryos were photographed according to (Harrison et al., 2004) . The pictures were processed prior to scoring, using Photoshop 7 as follows; pictures were cropped to the area of the embryo and the image size kept to a constant 5 cm width and 300 Dpi. A grid was placed over the image, 25% area divisions and with two subdivisions, giving a total of 64 squares of equal area, this allows a scoring method able to dissect relatively small differences in the extent of migration. The percentage of the total area was used to allow flexibility in the comparison between different embryos. The total number of boxes where the embryo occupied 50% or more, were counted and the sum total taken to represent the total area of the embryo. From the total area of the embryo, squares, which contained a single or several macrophages, were counted and taken to represent the migrating macrophage population. The embryos area was divided by the area where macrophages were present and expressed as a percentage. This was performed for all 10 embryos in each category (injection site and morpholino concentration) and the mean and standard deviation calculated. Statistical analyses of the data for the rescue experiments (Fig. 3) were performed using an unpaired Student's t-test for two data comparison with a one tailed distribution. P-values of less than 0.05 were considered to be statistically significant. MMP-7 = t-value of 5.13, MMP-9 = t-value of 6.54 and MMP-18 = t -value of 1.83.
